MOLECULAR NEUROSCIENCE 



ORIGINAL RESEARCH ARTICLE 

published: 16 April 2014 
doi: 10.3389/fnmol. 2014.00027 



Deletion of PTEN produces autism-like behavioral deficits 
and alterations in synaptic proteins 

Joaquin N. Lugo^'^*, Gregory D. Smith^, Erin P.ArbuMe^, Jessilca White\ Andrew J. Holley\ 
Crina M. Floruta\ NowrinAlimed\ Maribei C. Gomez ^ and Obi OI<onl<wo^ 



Many genes have been implicated in the underlying cause of autism but each gene accounts 
for only a small fraction of those diagnosed with autism. There is increasing evidence that 
activity-dependent changes in neuronal signaling could act as a convergent mechanism for 
many of the changes in synaptic proteins. One candidate signaling pathway that may have 
a critical role in autism is the PI3K/AKT/mT0R pathway. A major regulator of this pathway 
is the negative repressor phosphatase and tensin homolog (PTEN). In the current study 
we examined the behavioral and molecular consequences in mice with neuron subset- 
specific deletion of PTEN. The knockout (KO) mice showed deficits in social chamber and 
social partition test. KO mice demonstrated alterations in repetitive behavior, as measured 
in the marble burying test and hole-board test. They showed no changes in ultrasonic 
vocalizations emitted on postnatal day 10 or 12 compared to wildtype (WT) mice. They 
exhibited less anxiety in the elevated-plus maze test and were more active in the open 
field test compared to WT mice. In addition to the behavioral alterations, KO mice had 
elevation of phosphorylated AKT, phosphorylated S6, and an increase in S6K. KO mice had 
a decrease in mGluR but an increase in total and phosphorylated fragile X mental retardation 
protein. The disruptions in intracellular signaling may be why the KO mice had a decrease in 
the dendritic potassium channel Kv4.2 and a decrease in the synaptic scaffolding proteins 
PSD-95 and SAP102. These findings demonstrate that deletion of PTEN results in long- 
term alterations in social behavior, repetitive behavior, activity, and anxiety. In addition, 
deletion of PTEN significantly alters mGluR signaling and many synaptic proteins in the 
hippocampus. Our data demonstrates that deletion of PTEN can result in many of the 
behavioral features of autism and may provide insights into the regulation of intracellular 
signaling on synaptic proteins. 
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INTRODUCTION 

In the last few years the rate of children with autism spectrum 
disorders (ASDs) has risen from a prevalence rate of 0.6 % in 
2000 to the current rate of 1 in 88, as reported by the Cen- 
ters for Disease Control and Prevention (CDC; 2012). Several 
genetic studies have identified a large number of genes that 
underlie ASDs (Abrahams and Geschwind, 2008). Many of the 
genes implicated in ASDs encode synaptic proteins such as the 
scaffolding proteins Shank 3, Homer, and PSD-95, and the 
synaptic adhesion molecules neuroligin and neuroexin (Delorme 
etal, 2013). However, many of these gene mutations are rare 
and only account for a small fraction of the cases of ASDs. 
Another approach to understanding the molecular mechanisms 
underlying ASDs has been to examine single gene mutations 
that share a high comorbidity with ASD such as fragile X syn- 
drome. Tuberous sclerosis complex, Timothy Syndrome, Rett 
Syndrome, and Angelmen syndrome (Matsuura etal., 1997; Baker 
etal, 1998; Amir etal., 1999; Splawski etal, 2004; Hatton etal., 
2006). The research in rare genetic disorders and in neurological 
syndromes that share high comorbidity with ASD has revealed 



that an underlying disruption in cell signaling pathways could 
act as a common convergent pathway for many of these disor- 
ders (Ebert and Greenberg, 2013). There is a growing consen- 
sus that gene mutations associated with the regulation of the 
phosphoinositide 3 -kinase/ AKT/mammalian target of rapamycin 
(PI3K/AKT/mTOR) intracellular signaling pathway play a sig- 
nificant role in mediating the behavioral abnormalities that 
characterize autism. 

Alterations in the PI3K/AKT/mTOR pathway results in many 
behavioral abnormalities and is expected to play a significant role 
in ASD. Alteration of the mTOR signaling pathway has been shown 
to be involved in 14% of ASD individuals (Kelleher and Bear, 2008; 
de Vries, 2010). In particular the phosphatase and tensin homolog 
on chromosome 10 (PTEN) gene maybe a significant regulator of 
this pathway in mediating the ASD phenotype. In a clinical cohort 
of pediatric patients with ASD there is a prevalence rate of 8.3% 
with mutations in PTEN (Varga etal, 2009). Additionally sub- 
jects with developmental delay/mental retardation have a higher 
prevalence rate of 12.2% with a mutation in PTEN (Varga etal., 
2009). 
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Since deletion of the PTEN gene is embryonically lethal, several 
conditional knockouts (KO) of PTEN have been created (Kazdoba 
et al.,2012; Sperow et al.,2012). The neuronal specific KO of PTEN 
(NS-Pten KO) that will be used in this experiment results in dele- 
tion of PTEN in a subset of postmitotic neurons in the cortex, 
hippocampus, and cerebellum (Backman etal, 2001; Kwon etal., 
2001). A different ere conditional Pten KO has been shown to 
have social behavior deficits and deficits in learning and memory 
(Kwon et al., 2006). However, the conditional KO used in the cur- 
rent study has not been investigated for social behavior deficits. 
In addition, repetitive behaviors and vocalizations are two other 
features of autism that have not been investigated in mice with 
deletion of PTEN. One of the goals of this study is to more com- 
prehensively examine the behavioral alterations due to deletion of 
PTEN in the brain. 

Previous work has also found that absence of PTEN dra- 
matically increases dendrite size and results in an enlarged 
hippocampus (Backman etal, 2001; Kwon etal, 2001; Meikle 
etal., 2008). Deletion of PTEN also results in aberrant LTP and 
LTD, but the molecular mechanism underlying these changes is 
not known (Wang etal, 2006; Sperow etal., 2012; Takeuchi etal., 
2013). Therefore, another objective of the experiments in this 
paper will be to determine the synaptic proteins that are altered in 
the hippocampus due to deletion of PTEN. 

MATERIALS AND METHODS 
ANIMALS 

Neuron subset- specific Pten conditional mice have been previ- 
ously described as GFAP-Cre; Pten^oxP/loxP (Backman etal, 2001; 
Kwon etal, 2001). They are on a FVB-based mixed background 
strain and have been bred for more than 10 generations. We bred 
NS-Pten^°^^/^ heterozygote parents to produce NS-Pten^ /"^ wild- 
type (WT), NS-Ptenl^^P/+ heterozygous (HT), and Pten^^^P/^^^P 
KO. These mice were generated and housed at Baylor University 
at an ambient temperature of 22° C, with a 14-h light and 10-h 
dark (20:00 to 6:00 h) diurnal cycle. The mice were given ad libi- 
tum access to food and water. All procedures conducted with mice 
were in compliance with the National Institutes of Health Guide- 
lines for the Care and Use of Laboratory Animals and the animal 
protocol was approved by Baylor University Animal Care and Use 
Committee. For the behavioral tests we used mice on postnatal 
days 10 and 12 to examine ultrasonic vocalizations (UV). This 
time was used since mice produce few vocalizations after this time 
period. For the reminder of the behavioral tests we used mice from 
the age of 6 to 9 weeks. We used this narrow age of testing to reduce 
the variability of testing at different ages. In addition, these tests 
have all been previously conducted during this age period. 

SOCIAL BEHAVIOR 

Three chamber social behavior test 

Mice were placed in a clear acrylic box with three chambers as 
previously described (Nadler et al, 2004). Mice were tested in two 
conditions. In the first, a mouse was placed in the center chamber 
then allowed to freely explore the chamber. The corners of the two 
side chambers housed empty black wire-mesh cylinders. Contain- 
ers were placed on top of the cylinders to prevent the mice from 
climbing above the wire mesh cylinders. After the 10 min trial it 



was placed in the center area of the chamber and the entry to the 
side chamber was obstructed. In the second condition, an unfa- 
miliar mouse (gender-, age-, and weight-matched) was placed in 
one cylinder and a similar sized black block object was placed in 
the other cylinder. The placement of the novel mouse and object 
were counterbalanced across trials to prevent bias in response. The 
barriers to the side chambers were then removed and the time and 
frequency in the three chambers and at the cylinders was recorded 
for the 10 min testing period. 

Social partition 

A partition test evaluated social behaviors in mice during a non- 
contact version of a social interaction test (Spencer etal, 2005). 
The experimental animals were individually housed for 24 h on 
one side of a standard cage that was divided in half by a clear 
perforated (0.6 cm-diameter holes) partition. The other side of 
the partition housed a partner mouse (gender-, age-, and weight- 
matched). Each side had individual water feeding tubes (Bioserv 
9019 50 ml tubes) for water consumption and were given food 
pellets overnight. The day of testing consisted of three 5 min testing 
periods. The first test was with a familiar mouse and then testing 
occurred with an unfamiliar animal. The third test was with the 
reintroduction of the familiar mouse. We measured the total time 
at the partition and the frequency of visits at the partition of the 
experimental mouse. 

Olfactory habituation/dishabituation test 

We evaluated the ability of the mouse to detect novel odors and 
social odors using a test previously described (Yang and Crawley, 
2009). In this test of olfactory function we first transported the 
experimental mouse to a holding room for 45 min. After this 
acclimation period we individually tested each animal in a clean 
mouse cage. We dipped a cotton swab in a test tube with different 
solutions. The solutions were water, almond, banana, and social 
odor 1, and social odor 2. We presented each odor for 2 min and 
measured the time the animal spent at the cotton tip for each 
2 min trial. Each odor was presented three times. The social odors 
were created by swabbing the cotton tip in a zigzag fashion in 
previously soiled bedding from mice the experimental animal had 
not interacted with. This was performed for two separate cages to 
create social odor 1 and 2. After testing the animal was returned 
to its home cage. 

REPETITIVE BEHAVIOR AND ULTRASONIC COMMUNICATION 

Hole-board test 

The hole -board and marble tests have been used to examine the 
repetitive behavior (stereotypy) aspect of autism (Hoeffer etal., 
2008; Jamain et al., 2008). The mice were placed into a clear acrylic 
arena (40 cm x 40 cm x 30 cm) that had hole-board inserts. The 
boards had 16 equidistant floor holes, 3 cm in diameter. Hole poke 
activity was scored by an individual blind to the condition of the 
mice. We measured the total number of holes poked, latency to 
first hole poke, number in center, and number of repeated pokes 
in the same hole during the 10 min test. 

Marble burying 

This task measures the tendency of mice to dig and bury objects. 
Mice were placed in a new home cage that had approximately 3 cm 
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of bedding. 20 marbles were placed equidistant from each other in 
a grid pattern. We measured the number of marbles buried at the 
75% level and number of marbles completely buried in a 30 min 
test. 

Ultrasonic vocalizations 

To examine the communication aspect of autism in animal models 
we examined isolation -induced UV in pups (Jamain etal, 2008; 
Scattoni et al., 2008). One cohort of animals was tested on postna- 
tal day 10 and another cohort of animals was tested on postnatal 
day 12. The mice were individually placed in a chamber that has 
four UV detectors set to 40, 50, 60, and 70 kHz. Young mice will 
emit UVs when removed from their mother. We measured the 
number of vocalizations the mice emitted in a 5 min test using 
the automated detection software (Ultravox software by Noldus, 
Netherlands). The mice were then placed in a housing pan with 
clean bedding after testing. The cage was kept warm by a heating 
pad under the cage. The pups were then returned to the home cage 
after all mice were tested. No more than five pups were tested in any 
given litter so the time separated from the mother was 30 min or 
less. 

LOCOMOTOR ACTIVITY AND ANXIETY 
Open field 

Locomotor activity was evaluated through the use of the open field 
activity test as previously described (Lugo etal., 2012). The mice 
were placed into a clear acrylic arena (40 cm x 40 cm x 30 cm) 
to investigate their activity levels for 30 min. Activity in the open 
field was collected by a computer- operated optical animal activity 
system (Fusion by Omnitech Electronics, Inc., Canada, USA). We 
measured total activity levels, stereotypy (self-grooming), rearing, 
and circling behavior. We also measured the time and distance the 
animal spent in the center and in the perimeter of the open field 
to determine differences in anxiety. 

Elevated Plus-maze 

The elevated plus maze was used to examine alterations in anxiety. 
The elevated-plus maze apparatus consists of two enclosed and 
two open horizontal perpendicular arms (30 cm x 5 cm) posi- 
tioned 40 cm above the floor. There is a central square platform 
(5 cm X 5 cm) that forms from the connection of the four arms. 
We monitored the mouse movement in the elevated-plus maze 
by video tracking software (Noldus: Ethovision; Netherlands) and 
recorded the videos using a video capturing device (Dazzle® video 
creator plus HD, Corel, Canada). We measured the time and fre- 
quency of the mice in the open arms, center arms, and closed arms 
in a 10 min test. An increase in time spent in open arms compared 
to closed arms is generally believed to be an index of lowered anx- 
iety. We also measured headdips in the open arms and rearing 
in the closed arms when we examined the video files at a later 
time. 

WESTERN BLOniNG 

Mice were sacrificed at approximately 8 weeks of age. Hippocampi 
were rapidly dissected, rinsed in IX phosphate buffer solution, 
and placed on dry ice. All samples were then stored at — 80°C 
until used. Hippocampi were homogenized in ice-cold homog- 
enization buffer (0.32 M sucrose, 1 mM EDTA, 5 mM Hepes) 



containing protease inhibitor cocktail (Sigma, USA) and pro- 
cessed for western blotting as previously described (Lugo etal, 
2008). Through this procedure we produced total homogenate 
samples and crude synaptosomes. The total homogenate samples 
were used for total and phosphorylated S6, total and phospho- 
rylated AKT, and S6K. The crude synaptosomes were used for 
FMRP, phosphorylated FMRP, group 1 metabotrophic glutamate 
receptors (mGlurR), Kv4.2, and all synaptic proteins. The pro- 
tein concentration was determined using the Bradford Protein 
Assay (Bio Rad, Hercules, CA, USA). The samples were nor- 
malized to a common protein amount and diluted in Laemmli 
loading buffer (4X: 0.25 M Tris, pH 6.8, 6% SDS, 40% Sucrose, 
0.04% Bromophenol Blue, 200 mM Dithiothreitol). Following 
SDS -PAGE, proteins were transferred to Hybond-P polyvinyl 
difluoride membranes (GE Healthcare, Piscataway, NJ, USA). 
Membranes were incubated in blocking solution [5% non-fat 
milk diluted in IX Tris Buffered Saline (50 mM Tris-HCl, pH 
7.4, 150 mM NaCl) with 0.1% Tween (IX TBS-T) and 1 mM 
Na3V04] for 1 h at room temperature (RT). Membranes were 
then incubated overnight at 4°C with the primary antibod- 
ies diluted in blocking solution. The primary antibodies used 
were as follows: ribosomal S6 protein, P-S6 (S235/236), AKT, 
P-AKT (S473), S6K, FMRP (1:2K; Cell Signaling Technology, 
Boston, MA, USA); Kv4.2, PSD-95, Sapapl, sapl02, pan-shank, 
SAP97, CASK, Ankyrin-B, Neuroligin-1, Neuroligin-3, mortalin 
(1:1K; NeuroMab, Davis, CA, USA); pFMRP (Cambridge, UK), 
and actin (1:5K; Sigma Chemical Co., USA). Following incu- 
bation in primary antibodies membranes were washed in IX 
TBS-T (3x5 min). Membranes were then incubated with 
horseradish peroxidase labeled secondary antibodies: goat anti- 
rabbit IgG or anti-mouse IgG (1:10K; Cell Signaling Technology, 
Boston, MA, USA). After washes in IX TBS-T membranes 
were incubated with GE ECL Prime (GE Healthcare, Piscat- 
away, NJ, USA) and immunoreactive bands were captured by a 
western blot imaging system (ProteinSimple, Santa Clara, CA, 
USA). 

Optical density of immunoreactive bands was measured using 
the ProteinSimple AlphaView software. Optical densities obtained 
for all bands from phospho-proteins were normalized to the levels 
of the total protein from the same sample, and expressed as ratio of 
phospho to-total protein. Optical densities obtained for all bands 
of interest were normalized for loading to the actin or mortalin 
levels within the same lane. Each experimental point represents a 
single mouse {n= 1). All groups were normalized to the average 
of the control group (Pten WT). The values for the WTs repre- 
sent biological replicates and were collected from littermate WT 
mice. 

RESULTS 

PTEN DELETION RESULTS IN SOCIAL BEHAVIOR DEFICITS AND DOES 
NOT ALTER NOVEL ODOR DISCRIMINATION 

The social partition and social chamber tests both reveal a signif- 
icant impairment in social behavior in the NS-Pten KO mice. We 
found a significant impairment in the social partition test in NS- 
Pten KO mice. A two-way ANOVA shows a significant main effect 
of group P(l,23) = 23.1, p < 0.001 across the three trials in the 
partition test (Figure lA), n = 1 1, 10 for WT and KO, respectively. 
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The NS-Pten KO mice showed significant suppression of social 
interaction at the partition with famiUar and unfamiUar mice. Sim- 
ilar deficits in social behavior were found in the frequency at the 
partition between the groups P( 1,23) = 10.8,p<0.01 (Figure IB). 

We found significant impairment of social behavior in the 
NS-Pten KO in the three chamber test. We did not find any 
bias in side preference in phase A of the three chamber social 
test (Figure 2A). A repeated-measures test found no difference 
between the groups P(l,28) = 1.9, p = 0.18. There was a main 
effect of time in each chamber P(2,56) = 20.0, p < 0.001 but no 
group X chamber interaction P(2,56) = 2.37, p = 0.1. The sam- 
ple size was 31 for WT and 20 KO. In phase B where a mouse 
was placed in a cup in one of the chambers and a novel object 
was placed in the cup in the other chamber there was evidence 
of social behavior deficits in the NS-Pten KO mice. The NS-Pten 
KO mice show less time in the chamber with the mouse, more 
time in the chamber with the novel object, and spend less time at 
the cup with a mouse compared to WT mice (Figure 2B). There 
was not a main effect of group P(l,27) = 0.83, p = 0.77, but 
there was a main effect of chamber condition P(2,54) = 36.0, 
p < 0.001 and there was an interaction between group and cham- 
ber P(2,54) = 11.2, p < 0.001. We then used separate t-tests to 
compare differences between the groups in each chamber and 
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FIGURE 1 I The Pten mutant mice show deficits in the social partition 
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FIGURE 2 I Mutation in PTEN results in social behavior deficits in the 
three chamber social behavior test. (A) Wildtype (WT) and NS-Pten (KO) 
mice spent equal time across chambers in the habituation phase. (B) KO 
mice spent less time in the chamber that housed the mouse than the WT, 
spent equal amount of time compared to WT in center, and spent more 
time than WT in the chamber that housed the novel object. (C) The KO mice 
spent less time at the cup that housed the mouse than WT mice. The bars 
represent the mean with Standard Error of the Mean. The asterisks (*** or 
**) indicate a significant group difference at respective p values (p < 0.001 
or p < 0.01, respectively). 



found significant statistical difference in the time spent in the 
chamber with the mouse t(l,27) = 4.7, p < 0.001 and in the 
chamber that housed the novel object t(l,27) = 2.7, p < 0.05, 
but no difference in time in the center chamber t(l,27) = 1.2, 
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p = 0.25. We then analyzed the time the animal spent at the cups 
in the chamber. We found that the NS-Pten KO mice spent less 
time at the cup that housed the mouse compared to the WT 
mice t(l,25) = 4.7, p < 0.001 and no difference in time spent 
at the novel object compared to the WT mice t(l,25) = 0.6, 
p = 0.5 (Figure 2C). Furthermore, the WT mice show a signif- 
icant increase in time spent at the cup that housed the mouse than 
the cup with the novel object when analyzed with a paired t-test 
t(l,14) = 3.2, p < 0.01. The NS-Pten KO mice did not show a dif- 
ference across the cups when using a paired t-test t(l,ll) = 0.18, 
p = 0.S6. 

The WT and NS-Pten KO mice demonstrated the ability to 
detect different novel odors, habituate to them, and demonstrated 
dishabituation to the novel odors when repeatedly presented 
(Figure 3). In each presentation there was a significant decrease 
in time spent at the odor across the three trials. There was no 
difference between groups for time spent sniffing the cotton tip 
with water P(l,30) = 0.24, p = 0.62, but there was a signif- 
icant change over the three trials P(2,60) = 35.5, p < 0.001. 
There was no difference between groups for time spent sniffing 
the cotton tip with almond P(l,30) = 0.38, p = 0.54, but there 
was a significant change over the three trials P(2,60) = 20.5, 
p < 0.001. There was no difference between groups for time 
spent sniffing the cotton tip with banana P(l,30) = 0.05, 
p = 0.82, but there was a significant change over the three tri- 
als P(2,60) = 11.4, p < 0.02. There was no difference between 
groups for time spent sniffing the cotton tip with the first social 
odor P(l,30) = 0.01, p = 0.98, and there was no change over 
the three trials P(2,60) = 0.72, p = 0.49. There was a marginal 
difference in the time spent sniffing the cotton tip with the sec- 
ond social odor P(l,30) = 3.0, p = 0.09. There was no change 
across the three trials P(2,60) = 0.51, p = 0.60. The results from 
the social odors suggest that the NS-Pten KO and WT mice did 
not habituate to the social odors. The sample size was 17 for WT 



and 16 for KO. However, they responded similarly to the presen- 
tation of social odor 1 and to social odor 2. These results suggest 
that the NS-Pten KO mice have a functional olfactory discrimina- 
tion system and can habituate to odors when presented multiple 
times. 

PTEN DELETION RESULTS IN REPETITIVE BEHAVIOR 
DEFICITS BUT DOES NOT IMPACT ULTRASONIC 
VOCALIZATIONS 

The NS-Pten KO mice have significant alterations in repetitive 
behaviors. The NS-Pten KO mice buried fewer marbles in a 
30 min marble burying test when measuring at 75% t(l,43) = 5.9, 
p < 0.001 (Figure 4A); and 100% of a marble buried t{l,55) = 4.8, 
p < 0.001 (Figure 4B). For marble burying the sample size was 30 
for WT and 15 for KO. NS-Pten KO mice also show an alteration 
in the hole-board nose poke activity. They have a longer latency 
to the first hole-poke t(l,50) = 2.5, p < 0.05 (Figure 4C), per- 
form fewer hole pokes in the 10 min trial t(l,50) = 7.2, p < 0.001 
(Figure 4D); perform fewer hole pokes in the center t(l,50) = 3.9, 
p < 0.001 (Figure 4E); and fewer repeated pokes in the same hole 
/:(1,50) = 5.2, p < 0.001 (Figure 4F). For the hole board test the 
sample size was 36 for WT and 16 for KO. 

We found no differences in the total number of vocalizations 
emitted from pups tested on postnatal day 10 or postnatal day 
12. We analyzed the number of vocalizations emitted at differ- 
ent frequencies. We did not find any differences for the number 
of vocalizations on postnatal day 10 at 50 Hz t(l,49) = 0.15, 
p = 0.87; 60 Hz /:(1,49) = 0.63, p = 0.53; 70 Hz t(l,49) = 0.1, 
p = 0.92; 80 Hz /:(1,49) = 1.6, p = 0.12. The values for the fre- 
quency of vocalizations emitted for WT for 50, 60, 70, and 80 Hz 
were: 78.4 zb 8.8; 134.7 =b 12.5; 75.2 zb 10.23; 78.1 =b 15.8, respec- 
tively. The values for the frequency of vocalizations emitted for 
KO for 50, 60, 70, and 80 Hz were: 80.8 =b 14.3; 121.1 zb 18.4; 
73.3 zb 17.2; 119.7 zb 20.7, respectively. We also did not find any 
differences for the number of vocalizations on postnatal day 12 at 
50 Hz /:(1,45) = 0.10, p = 0.92; 60 Hz t(l,45) = 1.2, p = 0.20; 
70 Hz /:(1,45) = 0.81, p = 0.42; 80 Hz /:(1,45) = 0.15, p = 0.88. 
The values for the frequency of vocalizations emitted for WT on 
postnatal day 12 for 50, 60, 70, and 80 Hz were: 52.1 zb 7.7; 
94.9 zb 13.8; 99.5 zb 16.9; 125.0 zb 19.4, respectively The values for 
the frequency of vocalizations emitted for KO for 50, 60, 70, and 
80 Hz were: 50.3 zb 11.9; 51.3 zb 19.47; 64.1 zb 36.7; 117.7 zb 42.4, 
respectively. 

PTEN DELETION RESULTS IN HYPERACTIVITY IN THE OPEN FIELD TEST 
AND DECREASES ANXIETY IN ELEVATED PLUS MAZE 

There was a significant increase in total distance moved in the NS- 
Pten KO mice compared to WT mice /:(1,53) = 6.84, p < 0.001 
(Figure 5A). The increase was mostly due to movement in the 
perimeter. There was a significant increase in outer area/perimeter 
distance t(l,53) = 7.9, p < 0.001 (Figure 5B), but no difference 
between groups in the inner distance t(l,53) = 0.55, p = 0.58 
(Figure 5C). We also measured rearing behavior in the open field 
through the automated detection equipment. There was a sig- 
nificant increase in rearing frequency t(l,53) = 4.6, p < 0.0001 
(Figure 5D) and an increase in total time rearing t(l,53) = 3.6, 
p < 0.001 (Figure 5E) in the NS-Pten KO mice compared to WT 
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FIGURE 3 I Deletion of PTEN does not alter the ability of the mice to 
habituate and dishabituate to an odor. Wildtype (WT) and knockout (KO) 
nnice had sinnilar patterns of habituation and dishabituation to novel odor 
and social odors repeatedly presented. The bars represent the mean with 
Standard Error of the Mean. 
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FIGURE 4 I Deletion of PTEN results in deficits in repetitive behaviors. 

(A) NS-Pten knockout (KO) nnice buried fewer marbles at the 75% level; 

(B) and buried fewer marbles completely. NS-Pten KO mice showed a 
similar pattern of results in the hole-board test. (C) KO Pten mice had a 
longer latency to the first hole poke. (D) KO mice also performed fewer 
hole-pokes in the entire board; (E) performed fewer hole-pokes in the 
center four holes of the board; (F) and performed fewer hole-pokes 
repeated in the same hole compared to WT mice. The bars represent the 
mean with Standard Error of the Mean. The asterisks (***, or *) indicate a 
significant group difference at respective p values (p < 0.001 or p < 0.05, 
respectively). 



mice. There was a similar increase in the number of clockwise 
rotations t(l,53) = 3.8, p < 0.001 (Figure 5G, left graph), and 
counterclockwise rotations t(l,53) = 3.1, p < 0.001 (Figure 5G, 
right graph) in NS-Pten KO mice compared to WT mice. However, 
there was not an increase in all behaviors. There was a significant 
decrease in stereotypy time t(l,53) = 4.8, p < 0.001 (Figure 5F) 



in NS-Pten KO mice compared to WT mice. The stereotypy count 
represents self-grooming in the mice. The sample size for the open 
field test was 40 for WT and 15 for KO. 

We also measured anxiety through the elevated plus-maze test 
and found that the NS-Pten KO mice were less anxious. NS- 
Pten KO mice spent more time in the open arms t(l,37) = 3.7, 
p < 0.001; less time in the center field t{\,37) = 3.1, p < 0.01; and 
less time in the closed arms t(l,37) = 2.5, p < 0.05 compared to 
WT mice (Figure 6A). We then analyzed their movement in each 
arm. We found no difference in the number of times the NS-Pten 
KO mice entered the open arms t(l,37) = 0.28, p = 0.78; center 
arm t{ 1,37) = 0.66, p = 0.51; but did find a decrease in the number 
of entries in the closed arms t(l,37) = 2.7, p < 0.05 compared to 
WT mice (Figure 6B). We then investigated the number of head 
dips and rearing in the elevated plus maze. We found an increase 
in the number of head dips performed by the NS-Pten KO mice 
compared to WT mice /:(1,37) = 2.9, p < 0.01 (Figure 6C). We 
did not find a difference in the number of rearing events in the 
closed arms t{l,37) = 0.63, p = 0.53 (Figure 6D). We did not 
observe rearing behavior in either group in the open arms (data 
not shown). The sample size for the plus maze test was 24 for WT 
and 16 for KO. 

PTEN DELETION INCREASES PI3K/AKT/mT0R SIGNALING 

We confirmed that deletion of PTEN in the hippocampus results in 
hyperactivation of the PI3K/AKT/mTOR pathway by measuring 
changes in AKT and mTOR. We found no difference in total AKT 
levels t(l,10) = 0.59, p = 0.57 (Figure 7A), n = 6per group. How- 
ever, there was a significant increase in the ratio of phosphorylated 
AKT/total AKT /:(1,10) = 5.5, p < 0.001 (Figure 7B), n = 6 per 
group. We observed an increase in total S6 t(l,10) = 2.7, p < 0.05 
(Figure 7C), n = 6; the ratio of phosphorylated S6/total S6 in 
the NS-Pten KO mice compared to the WT mice t(l,10) = 2.5, 
p < 0.05 (Figure 7D), n = 6. We also found a significant increase 
in p70S6 (S6K) protein t(l,28) = 2.1, p < 0.05, n = 15 in the 
hippocampus of NS-Pten KO mice (Figure 7E). 

PTEN DELETION DECREASES mGlurR, INCREASES FMRP, AND ALTERS 
SEVERAL SYNAPTIC SCAFFOLDING PROTEINS 

We then examined the influence of the deletion of PTEN on the 
mGlurR-FMRP signaling. We found a significant increase in total 
FMRP levels in the NS-Pten KO mice /:(1,10) = 3.2, p < 0.01 
(Figure 8B), n = 6. There was also a significant increase in the 
ratio of phosphorylated FMRP over total FMRP /:(1,10) = 2.9, 
p < 0.05 (Figure 8C), n = 6. This increase in total and phos- 
phorylated FMRP is not in response to an increase in group 
1 metabotropic glutamate receptor (mGluR) since NS-Pten KO 
mice had a significant decrease in mGluR t(l,32) = 2.9, p < 0.05 
(Figure 8A), n = 17. Previous studies have found that FMRP 
can directly alter the level of Kv4.2 levels (Gross etal., 2011; Lee 
etal., 2011). Indeed, we found a significant decrease in Kv4.2 
channels in KO mice t{\,22) = 2.1, p < 0.05 (Figure 8D), 
n= 12. 

Due to the role of FMRP in regulating synaptic proteins, we 
investigated a number of synaptic proteins to determine whether 
they are altered in response to changes in the PI3K/AKT/mTOR 
pathway and FMRP. We found that there was significant decrease 
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FIGURE 5 I Deletion of PTEN produces alteration in activity levels in the 
open field test. Wildtype nnice and NS-Pten knockout (KO) nnice were 
hyperactive in (A) total distance traveled in the open field test, (B) were more 
active in the outer half of the open field test, but were no different in 
(C) center distance. (D)The KO mice reared more than the WT mice and 



(E) and spent more time rearing. (F) However, they spent less time engaging 
in stereotypy behavior. (G)The KO mice also performed more clockwise (left 
graphs) and more counter-clockwise revolutions (right bar graph) than the WT 
mice. The bars represent the mean with Standard Error of the Mean. The 
asterisks indicate a significant group difference at p < 0.001. 



in PSD-95 t(l,10) = 3.9, p < 0.01 (Figure 9A, left graph), n = 6; 
and sapapl t(l,10) = 2.5, p < 0.05 (Figure 9A, center graph), 
n = 6. However, we also found a significant increase in sap 102 
t(l,10) = 2.8, p < 0.05 (Figure 9A, right graph), n = 6; and an 
increase in Pan-Shank /:(1,22) = 2.96, p < 0.01 (Figure 9B, left 
graph), n = 12; but no change in SAP97 t(l,10) = 0.05, p = 0.95 
(Figure 9B, center graph), n = 6. We also investigated whether 
presynaptic glutamatergic proteins may be altered. We found no 
changes in CASK /:(1, 10) = 0.58,p < 0.57 (Figure 9C, right graph), 
n = 6; or in Ankyrin-B t(l,10) = 1.3, p = 0.20 (Figure 9C, left 



graph), n = 6.ln addition, there were no differences in Neuroligin- 
1 t(l,10) = 0.7, p = 0.49 (Figure 9C, center graph), n = 6; and 
Neuroligin-3 /:(1,10) = 0.1, p = 0.91 (Figure 9C, right graph). 

DISCUSSION 

There were two main objectives for the experiments in this study. 
One was to determine the autism-like behavioral deficits in mice 
with deletion of PTEN and the second objective was to determine 
the synaptic alterations in the KO mice and the possible mediator 
for these alterations. We found that deletion of PTEN results in 
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FIGURE 6 I Deletion of PTEN alters anxiety in the elevated plus maze 
test. (A) NS Pten knockout (KO) nnice spent nnore time in the open arm and 
less time in the center and closed arms. (B) NS-Pten KO mice visited the 
open and center areas the same but visited the closed arms less 
frequently. Furthermore, (C) NS-Pten KO mice performed more head dips 
in the open arm, but were not different than wildtype (WT) in the amount of 
rearing in the closed arms (D).The bars represent the mean with Standard 
Error of the Mean. The asterisks (***, **, or *) indicate a significant group 
difference at respective p values (p < 0.001 ; p < 0.01 ; p < 0.05, 
respectively). 



social behavior deficits, repetitive behavior deficits, but did not 
result in deficits in pup emitted UVs. We also found that deletion of 
PTEN results in several alterations in synaptic scaffolding proteins, 
and results in a decrease in group 1 mGluR and an increase in 
fragile X mental retardation protein (FMRP). 



Our study has expanded on a previous study that reported 
social behavior deficits in mice with deletion of PTEN (Kwon et al., 
2006). In this study they used a social interaction test and found 
that Pten-KO mice engage in less social interaction behavior with 
a novel conspecific juvenile. We further expanded on the social 
behavior measures by including the three chamber social behavior 
test and the social partition test since the ere conditional KO we 
used in our study had not been characterized. In the Kwon et al. 
(2006) study, they used a neuron-specific enolase promoter- driven 
ere transgenic line, which produces a deletion of PTEN in the CA3, 
polymorphic layer of the hippocampus, and the dentate gyrus. 
In our ere transgenic line, the deletion is expressed under the 
control of a modified glial fibrillary acidic protein (Gfap; Toggas 
etal., 1994). Through the use of this promoter the Cre activity in 
the hippocampus is localized mainly in the granule cells of the 
dentate gyrus (Kwon et al., 2001). Therefore, our report is the first 
to demonstrate that Gfap -cre Pten conditional KO results in social 
behavior deficits. 

One assumption in the social chamber and social partition test 
is that the animal can recognize a novel animal. Mice rely heavily 
on olfaction to detect and differentiate other mice (Ferguson et al, 
2000; Arakawa etal., 2007). It is increasingly becoming common 
to measure the animal's ability to distinguish different novel odors, 
including social odors to determine whether the animal has anos- 
mia. The inability to distinguish different odors could result in false 
positives for social impairments. We found that NS-Pten KO mice 
can detect different novel odors, habituate to the repeated presen- 
tation of the odors, and dishabituate when presented with another 
odor. We did not observe any statistical differences between the 
two groups across any of the odors, but we did observe a trend 
where the NS-Pten KO habituates to the social odor slightly more 
quickly than the WT mice. However, the social deficits in NS- 
Pten KO are not due to the inability to distinguish different 
odors. 

We used the marble burying test and hole-board test to mea- 
sure repetitive behaviors and observe deficits in both tests. To our 
knowledge this is the first report of repetitive behavior deficits 
found in mice with PTEN deletion. Even though these two tests 
clearly demonstrate deficits in repetitive behavior their results are 
contrary to the observations in the open field test. In the open field 
test the NS-Pten KO mice show hyperactivity, an increase in rear- 
ing, an increase in circling behavior, but a decrease in repetitive 
behavior. The Fusion software used to measure locomotion in the 
open field defines the repetitive behavior as self- grooming behav- 
ior. Therefore, marble burying, nose poke, and self-grooming 
all show a decrease in repetitive behavior. It is likely that the 
hyperactivity and increase in rearing are independent from repet- 
itive behavior. The increase in locomotion in mice with deletion 
of PTEN has been reported previously (Kwon etal., 2006). The 
open field test is often used as a measure of motor ability and 
not as a measure of repetitive behavior (Crawley, 1999). There- 
fore, the NS-Pten KO mice show deficits in repetitive behavior 
and separate alterations in motor behavior. Additional studies 
would be needed to address the motor behavior deficits in these 
mice. 

We did not find any alterations in the communication aspect 
of ASD since no differences were observed in UVs in pups on 
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FIGURE 7 I Deletion of PTEN results in hyperactivation of the PI3K/AKT/ 
mTOR pathway. (A) Pten-knockout (KO) mice show similar levels of total 
AKT levels compared to wildtype (WT) mice. (B) KO mice show elevated 
levels in the ratio of phosphorylated AKT over total AKT levels compared to 
wildtype (WT) mice. (C) KO mice show elevated levels of total S6 and (D) an 



increase in the ratio of phosphorylated S6 over total S6 levels compared to 
wildtype (WT) mice. (E) There was also an increase in S6K in KO mice 
compared to WT mice in the hippocampus. The bars represent the mean with 
Standard Error of the Mean. The asterisks (*** or *) indicate a significant 
group difference at respective p values (p < 0.001; p < 0.05, respectively). 



postnatal day 10 or 12. We measured vocalizations on day 10 and 
12 since the deletion of PTEN in the Gfap-cre KO is present by 
postnatal day 5, and we wanted to measure the vocalizations at 
a time when deletion of the gene would manifest. However, it 
is possible that the impact of the gene deletion is not imme- 
diate. PTEN deletion causes a progressive increase in brain size 
and cellular dysfunction (Kwon etal., 2001; Takeuchi etal., 2013). 
Future studies could examine UVs in adult mice to investigate the 
influence of the cumulative impact of PTEN deletion on mouse 
communication. 



We first confirmed that NS-Pten KO mice have hyperactiva- 
tion of the PI3K/AKT/mTOR pathway. We observed no change 
in total AKT, but found a significant increase in the phospho- 
rylated AKT over total AKT in the hippocampus. We found an 
increase in total S6 and an increase in the ratio of phosphory- 
lated S6 over total S6 in the hippocampus. We further confirmed 
this activation by finding an increase in S6K in the hippocampus. 
There have been several reports of aberrant mTOR signaling in 
mouse models of fragile X mental retardation (Narayanan et al., 
2008; Sharma etal, 2010; Bhattacharya etal, 2012). There is an 
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FIGURE 8 I Deletion of PTEN alters mGluR5-FMRP signaling. 

(A) Knockout (KO) mice siiow a significant decrease in mGluR 
compared to wildtype (WT) mice. (B) KO mice show elevated total 
levels in fragile X mental retardation protein (FMRP) compared to WT 
mice and (C) an increase in the ratio of phosphorylated FMRP over 



total FMRP levels compared to WT (D) KO mice had a significant 
decrease in Kv4.2 channels compared to WT The bars represent the 
mean with Standard Error of the Mean. The asterisks (** or *) indicate 
a significant group difference at respective p values (p < 0.01; 
p < 0.05, respectively). 



increase in FMRP and a decrease in mGluR in the hippocam- 
pus of NS-Pten KO mice. FMRP is beUeved to inhibit translation 
of synaptic proteins (Bassell and Warren, 2008). In particular, 
FMRP binds to the mRNAs of several ion channel proteins (Bell 
etal., 1991; Darnell etal., 2011). One ion channel that has been 
shown to be altered in mouse models of fragile X is the potas- 
sium ion channel Kv4.2 (Gross etal., 2011; Lee etal., 2011; Routh 
etal, 2013). We examined this protein and found a significant 
decrease in Kv4.2 in the hippocampus of NS-Pten KO mice. Kv4.2 
channels mediate the A-type K"^ channel and are essential for 
normal dendritic excitability and function (Hoffman etal., 1997; 
Ramakers and Storm, 2002). 

In addition to Kv4.2, we examined the impact of PTEN dele- 
tion on a number of synaptic scaffolding proteins. We found a 
decrease in PSD-95 and sapapl but an increase in Pan-Shank 
and sap 1 02. We did not observe a changes in CASK, which a 
protein that belongs to the family of membrane associated guany- 
late kinase (MAGUK) proteins (Hsueh, 2006). We also did not 
observe a change in Ankyrin-B or any changes in Neuroligin-1 
or Neuroligin-3. We examined these proteins since many have 
been implicated in autism (Ey etal., 2011). The decrease in PSD- 
95 is of significance since it is a key component at excitatory 



synapses that mediates the neurexin/neuroligin/Shank pathway. 
This pathway is believed to play a major role in autism. Mice 
with deletion of the gene for PSD-95 exhibit altered repetitive 
behaviors, abnormal communication, and social behaviors (Fey- 
der etal, 2010). It is not surprising that PSD-95 was decreased 
since PSD-95 mRNAs in the dendrites have been shown to be 
directly associated with FMRP (Muddashetty etal, 2007; Zalfa 
etal., 2007). 

If the alterations in Kv4.2 and the other synaptic scaffolding 
proteins are due to aberrant hyperactivation of FMRP then future 
studies could determine whether mGluR agonists can reverse 
some of the behavioral and molecular changes observed in NS- 
Pten KO mice. Mouse models of fragile X mice have provided 
support for the idea that excess protein synthesis is responsi- 
ble for the behavioral deficits and synaptic alterations (Ronesi 
and Ruber, 2008). Indeed, the mGluR theory of fragile X syn- 
drome is that the absence of FMRP leads to an increase in protein 
synthesis (Bear etal., 2004). This theory has led to the develop- 
ment of the mGluR5 inhibitor CTEP, which has been found to 
reverse many of the fragile X symptoms in mice (Michalon etal., 
2012). In contrast mice with deletion of PTEN have excessive 
FMRP and phosphorylated FMRP. Therefore, future studies could 
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FIGURE 9 I Deletion of PTEN alters several synaptic scaffolding 
proteins in the hippocampus. (A) Knockout (KO) mice sinow a 
significant decrease in PSD-95 (left figure) and in sapapl compared to 
wildtype (WT) mice (center figure), and KO mice show elevated sap102. 
(B) Pan-shank levels compared to WT mice (left graph); KO and WT 
mice show no differences in the amount of the scaffolding proteins 



SAP97 (center graph); CASK (right graph). (C) There were also no 
differences in the amount of Ankyrin-B (left graph), neuroligin-1 (center 
graph) or neuroligin-3 protein compared to WT mice (right graph). The 
bars represent the mean with Standard Error of the Mean. The 
asterisks (** or *) indicate a significant group difference at respective p 
values (p < 0.01; p < 0.05, respectively). 



determine whether agonists of mGluR can reverse some of the 
behavioral and molecular alterations. These studies would pro- 
vide insights into the relationship between PTEN and FMRP and 
could lead to a possible therapeutic approach for individuals with 
deletion of PTEN or for those with aberrant PI3K/AKT/mTOR 
activation. 

There is increasing evidence that neurodevelopmental disor- 
ders such as ASDs, fragile X syndrome, tuberous sclerosis complex, 
and others are linked to synaptic abnormalities. There is also 



increasing evidence that there are convergent signaling pathways 
that may mediate these changes. We present evidence here that 
deletion of PTEN in a subset of neurons in the hippocampus 
can increase in the PI3K/AKT/mTOR pathway and alter mGluR- 
FMRP. These changes result in several synaptic abnormalities that 
have been shown to be involved in autism. Additional studies could 
determine whether inhibitors of mTOR or agonists of mGluR 
could be future therapeutics for those with neurodevelopmental 
disorders. 



Frontiers in Molecular Neuroscience 



www.frontiersin.org 



April 2014 I Volume 7 | Article 27 | 11 



Lugo etal. 



Deletion of PTEN in autism and synaptic proteins 



AUTHOR CONTRIBUTIONS 

Gregory D. Smith and Jessika White conducted the western blot- 
ting and analysis for the research Erin P. Arbuckle and Maribel C. 
Gomez conducted the odor discrimination test and scored some 
of the social behavior tests. Crina M. Floruta scored some of 
the social behavior tests. Nowrin Ahmed scored the hole board 
test. Gregory D. Smith conducted and scored the marble burying, 
elevated plus maze, and open field tests. Andrew J. Holley and 
Obi Okonkwo conducted the ultrasonic vocalizations research. 
Joaquin N. Lugo supervised the project, analyzed the data, and 
wrote the manuscript. All individuals contributed to the design 
of each test in the manuscript, assisted with the drafting of the 
manuscript, approved the final version of the manuscript, and 
have agreed to be accountable for all work to be published. 

ACKNOWLEDGMENTS 

This study was supported from a Baylor University Research Coun- 
cil grant, Baylor University Young Investigator Developmental 
Program grant, and a research grant from the Epilepsy Foun- 
dation. We would also like to acknowledge the Baylor University 
Molecular Biosciences Center for the use of equipment used for 
this study and to acknowledge Dr. Brad Keele for the use of the 
Noldus Ethovision equipment for the behavioral studies. 

REFERENCES 

Abrahams, B. S., and Geschwind, D. H. (2008). Advances in autism genetics: 
on the threshold of a new neurobiology. Nat. Rev. Genet. 9, 341-355. doi: 
10.1038/nrg2346 

Amir, R. E., Van den Veyver, I. B., Wan, M., Tran, C. Q., Francke, U., and Zoghbi, H. 
Y. (1999). Rett syndrome is caused by mutations in X-linked MECP2, encoding 
methyl-CpG-binding protein 2. Nat. Genet. 23, 185-188. doi: 10.1038/13810 

Arakawa, H., Arakawa, K., Blanchard, D. C, and Blanchard, R. J. (2007). Scent mark- 
ing behavior in male C57BL/6J mice: sexual and developmental determination. 
Behav. Brain Res. 182, 73-79. doi: 10.1016/j.bbr.2007.05.007 

Backman, S. A., Stambolic, V., Suzuki, A., Haight, J., Elia, A., Pretorius, J., etal. 
(2001). Deletion of Pten in mouse brain causes seizures, ataxia and defects in 
soma size resembling Lhermitte-Duclos disease. Nat. Genet. 29, 396-403. doi: 
10.1038/ng782 

Baker, P., Piven, J., and Sato, Y. (1998). Autism and tuberous sclerosis com- 
plex: prevalence and clinical features. /. Autism Dev. Disord. 28, 279-285. doi: 
10. 1023/A: 1026004501631 

Bassell, G. J., and Warren, S. T. (2008). Fragile X syndrome: loss of local mRNA 
regulation alters synaptic development and function. Neuron 60, 201-214. doi: 
10. 1016/j.neuron.2008. 10.004 

Bear, M. F., Huber, K. M., and Warren, S. T. (2004). The mGluR theory of fragile X 
mental retardation. Trends Neurosci. 27, 370-377. doi: 10.1016/j.tins.2004.04.009 

Bell, M. v.. Hirst, M. C., Nakahori, Y, MacKinnon, R. N., Roche, A., Flint, T. 
J., etal. (1991). Physical mapping across the fragile X: hypermethylation and 
clinical expression of the fragile X syndrome. Cell 64, 861-866. doi: 10.1016/0092- 
8674(91)90514-Y 

Bhattacharya, A., Kaphzan, H., Alvarez-Dieppa, A. C., Murphy, J. P., Pierre, P., and 
Klann, E. (2012). Genetic removal of p70 S6 kinase 1 corrects molecular, synaptic, 
and behavioral phenotypes in fragile X syndrome mice. Neuron 76, 325-337. doi: 
10.1016/j.neuron.2012.07.022 

Centers for Disease Control and Prevention [CDC]. (2012). Prevalence of autism 
spectrum disorders - autism and developmental disabilities monitoring network, 
14 sites. United States, 2008. MMWR Surveill. Summ. 61, 1-19. 

Crawley, J. N. (1999). Behavioral phenotyping of transgenic and knockout mice: 
experimental design and evaluation of general health, sensory functions, motor 
abilities, and specific behavioral tests. Brain Res. 835, 18-26. doi: 10.1016/S0006- 
8993(98)01258-X 

Darnell, J. C, Van Driesche, S. J., Zhang, C, Hung, K. Y, Mele, A., Eraser, C. E., 
etal. (2011). FMRP stalls ribosomal translocation on mRNAs linked to synaptic 
function and autism. Cell 146, 247-261. doi: 10.1016/j.cell.2011.06.013 



Delorme, R., Ey, E., Toro, R., Leboyer, M., Gillberg, C, and Bourgeron, T. (2013). 
Progress toward treatments for synaptic defects in autism. Nat Med. 19, 685-694. 
doi: 10.1038/nm.3193 

de Vries, P. J. (2010). Targeted treatments for cognitive and neurodevelopmen- 
tal disorders in tuberous sclerosis complex. Neurotherapeutics 7, 275-282. doi: 
10.1016/j.nurt.2010.05.001 

Ebert, D. H., and Greenberg, M. E. (2013). Activity- dependent neuronal sig- 
nalling and autism spectrum disorder. Nature 493, 327-337. doi: 10.1038/nature 
11860 

Ey, E., Leblond, C. S., and Bourgeron, T. (2011). Behavioral profiles of mouse 
models for autism spectrum disorders. Autism Res. 4, 5-16. doi: 10.1002/ 
aur.175 

Ferguson, J. N., Young, L. J., Hearn, E. E, Matzuk, M. M., Insel, T. R., and Winslow, 
J. T. (2000). Social amnesia in mice lacking the oxytocin gene. Nat. Genet. 25, 
284-288. doi: 10.1038/77040 

Feyder, M., Karlsson, R. M., Mathur, P., Lyman, M., Bock, R., Momenan, 
R., etal. (2010). Association of mouse Dlg4 (PSD-95) gene deletion and 
human DLG4 gene variation with phenotypes relevant to autism spectrum 
disorders and Williams' syndrome. Am. J. Psychiatry 167, 1508-1517. doi: 
10.11 76/appi.ajp.20 10.1 0040484 

Gross, C, Yao, X., Pong, D. L., Jeromin, A., and Bassell, G. J. (2011). Fragile 
X mental retardation protein regulates protein expression and mRNA trans- 
lation of the potassium channel Kv4.2. /. Neurosci. 31, 5693-5698. doi: 
10.1523/JNEUROSCI.6661-10.2011 

Hatton, D. D., Sideris, J., Skinner, M., Mankowski, J., Bailey, D. B. Jr., Roberts, J., 
etal. (2006). Autistic behavior in children with fragile X syndrome: prevalence, 
stability, and the impact of FMRR Am. J. Med. Genet. A 140A, 1804-1813. doi: 
10.1002/ajmg.a.31286 

Hoeffer, C. A., Tang, W, Wong, H., Santillan, A., Patterson, R. J., Martinez, 
L. A., etal. (2008). Removal of FKBP12 enhances mTOR- Raptor interactions, 
LTP, memory, and perseverative/repetitive behavior. Neuron 60, 832-845. doi: 
10.1016/j.neuron.2008.09.037 

Hoffman, D. A., Magee, J. C, Colbert, C. M., and Johnston, D. (1997). K+ channel 
regulation of signal propagation in dendrites of hippocampal pyramidal neurons. 
Nature 387, 869-875. doi: 10.1038/42571 

Hsueh, Y. R (2006). The role of the MAGUK protein CASK in neural devel- 
opment and synaptic function. Curr. Med. Chem. 13, 1915-1927. doi: 
10.2174/092986706777585040 

Jamain, S., Radyushkin, K., Hammerschmidt, K., Granon, S., Boretius, S., 
Varoqueaux, E, etal. (2008). Reduced social interaction and ultrasonic com- 
munication in a mouse model of monogenic heritable autism. Proc. Natl. Acad. 
Sci. U.S.A. 105, 1710-1715. doi: 10.1073/pnas.071 1555105 

Kazdoba, T. M., Sunnen, C. N., Crowell, B., Lee, G. H., Anderson, A. E., and 
D'Arcangelo, G. (2012). Development and characterization of NEX- Pten, a novel 
forebrain excitatory neuron-specific knockout mouse. Dev. Neurosci. 34, 198-209. 
doi: 10.1159/000337229 

Kelleher, R. J. Ill, and Bear, M. F. (2008). The autistic neuron: troubled translation? 
Cell 135,401-406. doi: 10.1016/j.celL2008.10.017 

Kwon, C. H., Luikart, B. W, Powell, C. M., Zhou, J., Matheny, S. A., Zhang, W, 
etal. (2006). Pten regulates neuronal arborization and social interaction in mice. 
Neuron 50, 377-388. doi: 10.1016/j.neuron.2006.03.023 

Kwon, C. H., Zhu, X., Zhang, J., Knoop, L. L., Tharp, R., Smeyne, R. J., etal. (2001). 
Pten regulates neuronal soma size: a mouse model of Lhermitte-Duclos disease. 
Nat Genet. 29,404-411. doi: 10.1038/ng781 

Lee, H. Y, Ge, W. R, Huang, W, He, Y, Wang, G. X., Rowson-Baldwin, A., 
et al. (201 1). Bidirectional regulation of dendritic voltage-gated potassium chan- 
nels by the fragile X mental retardation protein. Neuron 72, 630-642. doi: 
10.1016/j.neuron.2011.09.033 

Lugo, J. N., Barnwell, L. E, Ren, Y, Lee, W. L., Johnston, L. D., Kim, R., 
etal. (2008). Altered phosphorylation and localization of the A- type channel, 
Kv4.2 in status epilepticus. /. Neurochem. 106, 1929-1940. doi: 10.1111/j.l471- 
4159.2008.05508.x 

Lugo, J. N., Brewster, A. L., Spencer, C. M., and Anderson, A. E. (2012). Kv4.2 knock- 
out mice have hippocampal-dependent learning and memory deficits. Learn. 
Mem. 19, 182-189. doi: lO.llOl/lm.023614.111 

Matsuura, T., Sutcliffe, J. S., Fang, P., Galjaard, R. J., Jiang, Y. H., Benton, C. S., et al. 
(1997). De novo truncating mutations in E6-AP ubiquitin-protein ligase gene 
(UBE3A) in Angelman syndrome. Nat Genet. 15, 74-77. doi: 10.1038/ng0197-74 



Frontiers in IVIolecular Neuroscience 



www.frontiersin.org 



April 2014 I Volume 7 | Article 27 | 12 



Lugo etal. 



Deletion of PTEN in autisnn and synaptic proteins 



Meikle, L., PoUizzi, K., Egnor, A., Kramvis, L, Lane, H., Sahin, M., etal. 
(2008). Response of a neuronal model of tuberous sclerosis to mammalian 
target of rapamycin (mTOR) inhibitors: effects on mTORCl and Akt signal- 
ing lead to improved survival and function. /. Neurosci 28, 5422-5432. doi: 
10.1523/JNEUROSCI.0955-08.2008 

Michalon, A., Sidorov, M., Ballard, T. M., Ozmen, L., Spooren, W., Wettstein, J. 
G., et al. (2012). Chronic pharmacological mGlu5 inhibition corrects fragile X in 
adult mice. Neuron 74, 49-56. doi: 10. 1016/j.neuron.20 12.03.009 

Muddashetty, R. S., Kelic, S., Gross, C., Xu, M., and Bassell, G. J. (2007). Dysregu- 
lated metabotropic glutamate receptor- dependent translation of AMPA receptor 
and postsynaptic density-95 mRNAs at synapses in a mouse model of fragile X 
syndrome. /. Neurosci. 27, 5338-5348. doi: 10.1523/JNEUROSCI.0937-07.2007 

Nadler, J. J., Moy, S. S., Dold, G., Trang, D., Simmons, N., Perez, A., etal. (2004). 
Automated apparatus for quantitation of social approach behaviors in mice. Genes 
Brain Behav. 3, 303-314. doi: 10.1111/j.l601-183X.2004.00071.x 

Narayanan, U., Nalavadi, V., Nakamoto, M., Thomas, G., Ceman, S., Bassell, G. J., 
et al. (2008). S6K1 phosphorylates and regulates fragile X mental retardation pro- 
tein (FMRP) with the neuronal protein synthesis- dependent mammalian target 
of rapamycin (mTOR) signaling cascade. /. Biol. Chem. 283, 18478-18482. doi: 
10.1074/jbc.C800055200 

Ramakers, G. M., and Storm, J. R (2002). A postsynaptic transient K(-|-) current 
modulated by arachidonic acid regulates synaptic integration and threshold for 
LTP induction in hippocampal pyramidal cells. Proc. Natl. Acad. Sci. U.S.A. 99, 
10144-10149. doi: 10. 1073/pnas. 152620399 

Ronesi, J. A., and Huber, K. M. (2008). Metabotropic glutamate receptors and fragile 
X mental retardation protein: partners in translational regulation at the synapse. 
Sci. Signal. I,pe6. doi: 10.1126/stke.l5pe6 

Routh, B. N., Johnston, D., and Brager, D. H. (2013). Loss of functional A- 
type potassium channels in the dendrites of CAl pyramidal neurons from 
a mouse model of Fragile X syndrome. /. Neurosci. 33, 19442-19450. doi: 
10.1523/JNEUROSCI.3256-13.2013 

Scattoni, M. L., Gandhy, S. U., Ricceri, L., and Crawley, J. N. (2008). Unusual 
repertoire of vocalizations in the BTBR T-|-tf/J mouse model of autism. PLoS 
ONE 3:e3067. doi: 10.1371/journal.pone.0003067 

Sharma, A., Hoeffer, C. A., Takayasu, Y., Miyawaki, T., McBride, S. M., Klann, E., 
et al. (2010). Dysregulation of mTOR signaling in fragile X syndrome. /. Neurosci. 
30,694-702. doi: 10.1523/JNEUROSCL3696-09.2010 

Spencer, C. M., Alekseyenko, O., Serysheva, E., Yuva-Paylor, L. A., and Paylor, R. 
(2005). Altered anxiety- related and social behaviors in the Fmrl knockout mouse 
model of fragile X syndrome. Genes Brain Behav. 4, 420-430. doi: 10.1 1 1 l/j.l601- 
183X.2005.00123.X 

Sperow, M., Berry, R. B., Bayazitov, I. T, Zhu, G., Baker, S. J., and Zakharenko, S. S. 
(2012). Phosphatase and tensin homologue (PTEN) regulates synaptic plasticity 
independently of its effect on neuronal morphology and migration. /. Physiol. 
590(Pt4), 777-792. doi: 10. 1113/jphysioL20 11.220236 



Splawski, L, Timothy, K. W., Sharpe, L. M., Decher, N., Kumar, R, Bloise, R., 
etal. (2004). Ca(V)1.2 calcium channel dysfunction causes a multisystem disor- 
der including arrhythmia and autism. Cell 119, 19-31. doi: 10.1016/j.cell.2004. 
09.011 

Takeuchi, K., Gertner, M. J., Zhou, J., Parada, L. E, Bennett, M. V., and 
Zukin, R. S. (2013). Dysregulation of synaptic plasticity precedes appearance 
of morphological defects in a Pten conditional knockout mouse model of 
autism. Proc. Natl. Acad. Sci. U.S.A. 110, 4738-4743. doi: 10. 1073/pnas. 1222 
803110 

Toggas, S. M., Masliah, E., Rockenstein, E. M., Rail, G. R, Abraham, C. R., and 
Mucke, L. (1994). Central nervous system damage produced by expression of 
the HIV-1 coat protein gpl20 in transgenic mice. Nature 367, 188-193. doi: 
10.1038/367188a0 

Varga, E. A., Pastore, M., Prior, T, Herman, G. E., and McBride, K. L. (2009). The 

prevalence of PTEN mutations in a clinical pediatric cohort with autism spectrum 

disorders, developmental delay, and macrocephaly. Genet. Med. 11,11 1-117. doi: 

1 0. 1 097/GIM.ObO 1 3e3 1 8 1 8fd762 
Wang, Y., Cheng, A., and Mattson, M. P. (2006). The PTEN phosphatase is essential 

for long-term depression of hippocampal synapses. Neuromolecular Med. 8, 329- 

336. doi: 10.1385/NMM:8:3:329 
Yang, M., and Crawley, J. N. (2009). Simple behavioral assessment of 

mouse olfaction. Curr. Protoc. Neurosci. Chap. 8, Unit 8.24. doi: 

10.1002/0471142301.ns0824s48 
Zalfa, E, Eleuteri, B., Dickson, K. S., Mercaldo, V., De Rubeis, S., di Penta, A., 

etal. (2007). A new function for the fragile X mental retardation protein in 

regulation of PSD-95 mRNA stability. Nat. Neurosci. 10, 578-587. doi: 10.1038/ 

nnl893 

Conflict of Interest Statement: The authors declare that the research was conducted 
in the absence of any commercial or financial relationships that could be construed 
as a potential conflict of interest. 

Received: 10 January 2014; accepted: 24 March 2014; published online: 16 April 2014. 
Citation: Lugo JN, Smith CD, Arbuckle EP, White J, Holley AJ, Floruta CM, Ahmed 
N, Gomez MC and Okonkwo O (2014) Deletion of PTEN produces autism-like behav- 
ioral deficits and alterations in synaptic proteins. Front. Mol. Neurosci. 7:27. doi: 
10.3389/fnmol.2014.00027 

This article was submitted to the journal Frontiers in Molecular Neuroscience. 
Copyright © 2014 Lugo, Smith, Arbuckle, White, Holley, Floruta, Ahmed, Gomez and 
Okonkwo. This is an open-access article distributed under the terms of the Creative 
Commons Attribution License (CCBY). The use, distribution or reproduction in other 
forums is permitted, provided the original author (s) or licensor are credited and that 
the original publication in this journal is cited, in accordance with accepted academic 
practice. No use, distribution or reproduction is permitted which does not comply with 
these terms. 



Frontiers in IVIolecular Neuroscience 



www.frontiersin.org 



April 2014 | Volume 7 | Article 27 | 13 



